Many neural programs that shape behavior become established during adolescence. Adverse events at this age can have enduring consequences for both adolescent and adult mental health. Here we show that repeated social stress at different stages of adolescent development differentially affects rat behavior and neuronal activity. Early-adolescent (PND 28, EA), mid-adolescent (PND 42, MA), and adult (PND 63) rats were subjected to resident-intruder social stress (7 days) and behavior was examined 24-72 h later. In EA rats selectively, resident-intruder stress increased proactive responses in the defensive burying and forced swim tests. In adult rats, residentintruder stress decreased burying behavior regardless of whether the animal was stressed as an adult or during early adolescence. As the locus coeruleus (LC)-norepinephrine system has been implicated in proactive defense behaviors, LC neuronal activity was quantified in separate cohorts. Stressed EA rats had elevated spontaneous LC discharge rates and diminished responses to sensory stimuli compared with controls. Microinjection of a CRF antagonist into the LC selectively inhibited neurons of stressed EA rats, suggesting that EA social stress induces tonic CRF release onto LC neurons, shifting the mode of discharge to an activated state that promotes active defensive behaviors. In all adult groups, resident-intruder stress resulted in an increased phasic response to sensory stimuli with no change in spontaneous rates. MA was a transition period during which social stress did not affect behavior or LC activity. The results suggest that social stress interacts with the brain norepinephrine system to regulate defensive strategies in an age-dependent manner.
INTRODUCTION
Stress can shape future behavior and has been implicated in mood disorders, schizophrenia, and substance abuse (Nuechterlein and Dawson, 1984; Gold and Chrousos, 2002; Corcoran et al, 2003; Goeders, 2003; McEwen, 2003) . Stress has complex interactions with development such that individuals may be especially vulnerable to stressors during specific developmental periods (Heim and Nemeroff, 2001; Casey et al, 2010) . The prenatal and neonatal periods are critical windows in development during which stress can have enduring effects on behavior and endocrine function (Plotsky and Meaney, 1993; Plotsky et al, 2005; Cannizzaro et al, 2006; Cottrell and Seckl, 2009; Murgatroyd et al, 2009) .
Similarly, adolescence is a critical window in stress susceptibility as this is a time of substantial cerebral development and reorganization, as well as altered hypothalamic-pituitaryadrenal (HPA) function (Spear, 2000; Teicher et al, 2003; Romeo and McEwen, 2006; Danese et al, 2009; Casey et al, 2010) .
Animal studies have shown unique effects of stress during adolescence on HPA activity and behavior (for review see McCormick and Mathews, 2010) . For example, in many studies adolescent rats have prolonged or increased HPA responses to acute stressors compared with adults and fail to habituate to repeated stressors in the same manner as adults (Goldman et al, 1973; McCormick et al, 2008; McCormick and Mathews, 2010; Weintraub et al, 2010) . However, these effects are sex dependent and vary depending on the stressor (for review see McCormick and Mathews, 2010) . Behaviorally, adolescent rats have been shown to have greater exploratory behavior in novel environments (Doremus et al, 2004; Stansfield and Kirstein, 2006) . Stress during adolescence can have enduring effects that are expressed as increases in anxiogenic or depressive-like behaviors in animal models of psychopathology (Pohl et al, 2007;  Toledo- Rodriguez and Sandi, 2007; Tsoory et al, 2007; McCormick et al, 2008; Toth et al, 2008; Weintraub et al, 2010) . As end points of these animal models are often behavioral responses to a particular challenge (eg, elevated plus maze, a shock probe, swim stress), these studies show that stress during adolescence determines future behavioral strategies used to respond to subsequent stressors or environmental challenges.
Social stress has particular relevance to adolescents (Gladstone et al, 2006; Herrenkohl et al, 2009; Sebastian et al, 2010) . Adolescence is characterized by an increase in child-parent conflict, search for autonomy, and a shift in social interaction from familial to peer relationships (Panksepp, 1981; Spear, 2000) . With an increased importance of social signals and activity, there comes an increased potential for adverse social interactions to elicit a stress response. An ethologically relevant model used to study social stress in rats is the resident-intruder stressor (Miczek, 1979) . In this model, a rat (intruder) is placed in the home cage of a larger, aggressive rat (resident) and subjected to repeated threatening encounters. Exposure of adult rats to this stressor alters HPA activity, produces anhedonia, promotes depressive-like behaviors, and increases the propensity to self-administer psychomotor stimulants (Heinrichs et al, 1992; Miczek et al, 2004; Buwalda et al, 2005; Covington et al, 2005; Rygula et al, 2005; Wood et al, 2010) . In contrast to the numerous studies of adult residentintruder stress, there are few studies of the effects of resident-intruder stress during adolescence. In hamsters, adolescent social stress altered patterns of aggression in a context-specific manner, increasing aggressive behavior toward smaller animals and decreasing it toward larger animals (Ferris, 2003; . The few studies that examine adolescent social stress in rats suggest an increase in adult social anxiety (Vidal et al, 2007; Watt et al, 2009) .
This study compared the behavioral effects of residentintruder stress in rats during early adolescence, midadolescence, and adulthood. To determine whether the effects were selective to social stress, the effects of restraint stress on some of the behaviors were also examined. Plasma corticosterone levels were compared to assure that the manipulations elicited an endocrine stress response in all three groups. As some of the behavioral changes observed during these initial experiments have been linked to activation of the locus coeruleus (LC)-norepinephrine system, subsequent experiments investigated the effects of resident-intruder stress on LC discharge characteristics across adolescence (Detke et al, 1995; Bondi et al, 2007) . Taken together, the behavioral and neurophysiological studies complemented each other to emphasize that early adolescence is a critical window during which social stress affects the brain norepinephrine system and regulates defensive behaviors.
MATERIALS AND METHODS

Animals
The subjects were male Sprague-Dawley rats (Taconic Farms, Germantown, NY) aged PND 28 (early-adolescence, EA), PND 42 (mid-adolescence, MA), or PND 63 (adulthood) (see Figure 1 for a timeline of ages and experiments). Ages were selected to span the social and physical stages of adolescence as described previously (Spear, 2000; McCormick and Mathews, 2010) . PND 28 represents prepubertal peri-adolescence and is marked by a high degree of social play behavior. PND 42 represents a stage of MA when pubertal changes occur and male social behavior transitions to adult-like behavior. PND 63 represents early adulthood when male sexual and social behaviors are fully developed (Korenbrot et al, 1977; Sodersten et al, 1977; Panksepp, 1981; Primus and Kellogg, 1990) . Rats were delivered to the animal facility approximately 1 week previous to experimental manipulations. Rats were initially housed 2-3 per cage in standard 26 Â 46 cm 2 polypropylene cages in a 12-h light/dark (lights on at 0600 hours), climate-controlled room with ad lib access to food and water. On the first experimental day, rats of both the control and experimental groups were transferred to new cages and individually housed to avoid the confounding and varied influence of cage mates on the effects of the resident-intruder stress (Ruis et al, 1999; Nakayasu and Ishii, 2008) . Long-Evans retired breeder rats (Taconic Farms, Germantown, NY and Charles River, Wilmington, DE; 4500 g, single-housed) were used as resident animals in resident-intruder experiments. Figure 1 Schematic depicting experimental groups. Rats aged postnatal days (PND) 28 (early-adolescent, EA), 42 (mid-adolescent, MA), or 63 (adult) were subjected to either resident-intruder stress or restraint stress for 1 week. On days 1, 2, and 3 following the last stress, rats were tested in the open field test (OF), defensive burying test (DB), and swim stress, respectively. Another cohort of rats likewise received 1 week of resident-intruder stress, but were subject to in vivo electrophysiology 24 h after the last resident-intruder stress. To investigate the endocrine response to repeated social or restraint stress, blood samples were taken from some of the animals in the electrophysiology cohorts of the resident-intruder group and the restraint group during the week of stress. Finally, to investigate the duration of the effects of resident-intruder stress, a cohort of animals were subject to resident-intruder stress as EA rats and allowed to grow to adulthood (PND 70) before behavioral and electrophysiological testing, which occurred on PND 70 and PND 77, respectively.
Care and use of animals was approved by the Institutional Animal Care and Use Committee of the Children's Hospital of Philadelphia.
Stress
For social stress, an adaptation of the resident-intruder stress was used (Miczek, 1979) . For 7 consecutive days, the experimental animals (intruders) were weighed and placed in the home cage of a novel Long-Evans retired breeder rat (resident) that was screened for proper aggressive behavior based on previous work (Bhatnagar and Vining, 2003; Bhatnagar et al, 2006) . Residents that failed to consistently attack or that were overly aggressive and caused injury to intruders were not used. Each session began with a period of investigation and free interaction until one of three criteria was met: (1) the intruder exhibited a characteristic submissive defeat posture (frozen supine position for 2 s as described by Miczek, 1979) ; (2) the intruder was attacked five times; or (3) 15 min had elapsed. As soon as one of these criteria was met, rats were separated by a wire mesh barrier (1 cm weave), allowing continued olfactory and visual contact, but preventing physical contact for the duration of the 30-min session. Controls were weighed daily and then returned to their home cage. One exception to this was the controls for adult electrophysiological/endocrine studies that were placed behind a wire mesh barrier in novel cages without the resident to reproduce conditions of a previous study (Wood et al, 2010) . When compared with the other control groups, this group had comparable corticosterone and LC electrophysiological characteristics as the other control groups (see Table 1 and Figure 5 ). Social stress occurred in a separate room from the controls to avoid potential stress-inducing effects of ultrasonic vocalizations on control rats. The 30 min resident-intruder encounters were repeated daily for 7 days with the intruders being exposed to a different resident on each day. For an additional comparison group, age-matched EA peers were used as residents and the protocol carried out as above for 7 consecutive days. The EA dyads were allowed to interact for 15 min before being separated as described above for an additional 15 min. They were then returned to home cages.
Separate groups of rats were exposed to restraint stress. Restraint stressed rats and their matched controls were individually housed during the experimental days. Rats were restrained by placement in a flexible rodent restrainer (Decapicone; Braintree Scientific, Braintree, MA) for 120 min daily for 7 days. This was secured with tape around the base of the tail, leaving enough room for the animal to defecate. Controls were weighed daily and returned to their home cages.
Behavioral End Points
Behavior during each resident-intruder session was recorded as the number of days out of seven that the intruders were separated from residents as a result of meeting the criterion of (1) assuming the defeat posture (2) reaching the five attack limit before assuming the defeat posture, or (3) reaching the 15 min limit. Data were compared across ages using an ANOVA with NewmanKeuls pair-wise comparisons. The total number of attacks received was also compared between groups. These measures were further broken down by day to determine how they changed across the week of stress.
One group of rats was used to quantify behavioral consequences of stress. Twenty-four hours after the last exposure to stress (or control manipulation), open field behavior was recorded in the colony room during the light cycle. Lighting conditions were not altered from normal housing levels (300 lx). Rats were placed in a 70 Â 70 Â 30 cm 3 black Plexiglas open field arena for 5 min and activity was videotaped and acquired using Roxio video acquisition software (Santa Clara, CA) and analyzed offline using the Noldus Ethovision software (Wageningen, the Netherlands). Time spent in each of four concentric square zones (sides ¼ 17.5, 35, 52.5, and 70 cm) and total distance traveled were compared between control and stress groups using a Student's t-test with significance at po0.05.
Defensive burying behavior was measured 48 h after the last resident-intruder stress and 24 h after open field exposure as described previously (Howard et al, 2008 ) (see Supplementary Information for details). The latency to begin burying and bury duration was compared using a two-way ANOVA with stress and age as the main factors.
Behaviors during a 15-min swim stress were recorded 72 h after the last resident-intruder stress as described previously (Detke et al, 1995) . Rats were placed in a cylindrical glass tank (46 cm high Â 20 cm diameter) filled with water (25 ± 1 1C) to a depth of 40 cm, allowing rats to swim or float without having their tails touch the bottom of the tank. The test was videotaped and analyzed offline by a treatmentblind individual. Behavior was scored using a timesampling procedure identical to that reported previously (Detke et al, 1995) (see Supplementary Information for details). As an additional measure, the onset to the first 5 s bout of immobility was determined.
Electrophysiology
Separate groups of rats were exposed to resident-intruder stress (or control manipulation), and 24 h after the last experimental manipulation, single unit LC activity was recorded in the isoflurane-anesthetized state. Rats used in electrophysiological studies had not undergone behavioral testing, with the exception of rats stressed in early adolescence and tested in adulthood. This latter group was exposed to the defensive burying test as adults (PND 70) to assess the endurance of the behavioral effect of social stress and LC neuronal activity was recorded 1 week later.
The methods for surgery and recording were as described previously (Curtis et al, 1997) . LC spontaneous activity was recorded for at least 3 min, followed by a recording of LC sensory-evoked activity during a trial of sciatic nerve stimulation (50 stimuli, 3.0 mA, 0.5 ms duration, 0.2 Hz) from 1 to 6 neurons per subject. For experiments that tested the effect of the CRF antagonist, DPheCRF (12À41) , doublebarrel micropipettes were used to record neuronal activity and simultaneously microinfuse DPheCRF (12À41) (3 ng in 30 nl) by applying small pulses of pressure to the calibrated infusion pipette (15-25 psi, 10-30 ms in duration, Picospritzer; general valve) as described previously (Kreibich et al, 2008) . LC activity was recorded for at least 3 min after the infusion. DPheCRF 12À41 was only administered once to an individual rat.
Recording sites were marked by the iontophoresis of Pontamine sky blue (15 mA for 15 min). Brains were dissected out and 30 mm frozen sections were cut and stained with neutral red for localization of the recording site. Data were analyzed only from those neurons that were histologically identified as being within the nucleus LC.
LC activity during sciatic nerve stimulation was recorded as peri-stimulus time histograms (PSTHs) and analyzed as described previously (Valentino and Foote, 1987; Kreibich et al, 2008) . Tonic discharge rate was the firing rate during the 500 ms before the stimulus and the signal-to-noise ratio was calculated as the evoked rate divided by the tonic rate (see Supplementary Information for details).
Plasma Corticosterone
In some of the subjects used for electrophysiological studies, blood (150-200 ml) was collected immediately before and after the resident-intruder sessions on days 1, 4, and 7 via tail vein nick into eppendorf tubes containing EDTA. Blood was also collected from restraint stressed rats and matched controls corresponding to times 0, 30, and 120 min of the restraint on days 1 and 7. Whole blood was centrifuged at 3000 r.p.m. for 15 min and the plasma was kept at À201C until being assayed using an RIA kit from MP Biomedicals (Orangeburg, NY). Significance was determined using a three-way ANOVA across day, stress, and time.
Drugs
DPheCRF (12À41) (Jean Rivier, The Salk Institute, San Diego, CA) was dissolved in water at a concentration of 1 mg/ml and 10 ml aliquots were concentrated and stored at À201C until the day of the experiment. Aliquots were then dissolved in artificial cerebrospinal fluid (10 mg/30 ml).
RESULTS
Age-Related Responses to Resident-Intruder Stress
As described previously, residents responded to adult intruders with an initial period of investigation followed by a show of aggression involving biting and pouncing attacks to the back, rump, or shoulders (Miczek, 1979) . Adult intruders usually took a supine posture that signaled defeat or subordination (Tornatzky and Miczek, 1994) and were most often separated from the resident based on this criterion (Figure 2a) . The mean number of days an adult intruder was separated from the resident based on the criterion of sustaining five attacks was 1.1±0.4 and no adult intruders reached the 15 min limit without taking the defeat posture or sustaining five attacks.
The placement of EA intruders into the cage also elicited a show of aggression from the resident characterized by biting and pouncing attacks directed at the back, head, and rump of the intruder. Often the resident would pounce on the intruder and repeatedly drive it into the bedding using rapid thrusting movements with the forepaws. In comparison to adult rats, EA rats exhibited the defeat posture less frequently and often remained in a crouched position in response to aggressive attacks (Figure 2a) . Following each attack, the EA intruders would often remain motionless for a short period of time before reengaging social contact with the resident. When not taking the defeat posture, EA intruders were separated as a result of sustaining five attacks (3.3±0.4 days) or reaching the 15 min limit (1.8 ± 0.3 days). The response of MA rats to residentintruder stress was intermediate between EA and adult rats (Figure 2a ). When MA intruders did not assume the defeat posture, they were more often separated as a result of the 15-min time limit (2.1 ± 0.4 days) than as a result of sustaining five attacks (0.7±0.3). Figure 2a shows that the expression of the defeat posture became more established as rats developed through adolescence as indicated by significant differences between age groups in the average number of days that an animal expressed the defeat posture over the entire week of stress (F (2, 31) ¼ 13.1, po0.001) (Figure 2a) . A day-by-day analysis indicated that the percentage of adult rats expressing defeat decreased with repeated exposure (Figure 2b ). In contrast, the percentage of EA rats expressing the defeat posture increased as the week progressed and there was no obvious trend for MA rats (Figure 2b ). The mean total number of attacks sustained by an intruder over the entire week was greater for the EA (24±1) compared with adult (19±1) or MA (17±1) rats (F 2, 29 ¼ 9.4, po0.001). An day-by-day analysis of the mean number of attacks revealed an effect of age (F 2, 187 ¼ 10.6, po0.002), but not day (F 6, 187 ¼ 1.03, p ¼ 0.4) or age-by-day interaction (F 12, 187 ¼ 1.38, p ¼ 0.18) (Figure 2c) . Notably, although EA intruders received more attacks than adults, this was primarily owing to effects on the first two days of the stress (Figure 2c) .
As an end point to determine whether the residentintruder stress elicited a stress response in all age groups, plasma corticosterone was assayed before and after the stress or control manipulation on days 1, 4, and 7. Social stress elevated plasma corticosterone in all groups compared with baseline. On the first day of the manipulation, plasma corticosterone levels at the 30-min time point were elevated in all rats, including controls and stressed rats of each age group. However, by the seventh day of manipulation, the plasma corticosterone levels in control rats had completely habituated to baseline levels, whereas the corticosterone levels in stressed rats remained elevated, although there was a degree of habituation in the stressed adolescent groups (Table 1) .
Age-Related Behavioral Consequences of Resident-Intruder Stress
Repeated exposure to resident-intruder stress had no effect on open field activity at any age (Supplementary Information, Table 1 ). However, this stressor had distinct agedependent effects on defensive burying behavior. Exposure to resident-intruder stress during early adolescence increased defensive burying behavior as indicated by an increased duration of burying and a decreased latency to begin burying compared with matched controls (Figure 3a and b). In contrast to its effects in EA rats, exposure to resident-intruder stress in adulthood decreased defensive burying duration compared with matched controls (Figure 3a) . Exposure of MA rats to resident-intruder stress was without effect. A two-way ANOVA for burying duration revealed a significant stress by age interaction (F (2, 56) ¼ 6.53, po0.01). There was no correlation between the total number of attacks received and burying duration for any age group; r 2 ¼ 0.0003, p ¼ 0.96, r 2 ¼ 0.09, p ¼ 0.35 and r 2 ¼ 0.0004, p ¼ 0.97 for EA, MA, and adult rats, respectively.
The behavior of rats during swim stress was quantified as an additional measure of the behavioral strategy used in response to an environmental challenge. EA rats exposed to resident-intruder stress exhibited increased climbing behavior during swim stress compared with matched controls (Table 2 ). The effects were limited to climbing, as there were no significant effects on the incidence of either swimming or immobility behavior. The onset to the first 5 s bout of immobility was also not significantly affected in EA rats exposed to resident-intruder stress (35 ± 10 vs 47 ± 9 s, control vs stress groups, respectively). Exposure of MA or adult rats to social stress had no effect on the behavioral response to swim stress when compared with their matched controls.
To determine whether the increased active defensive behaviors expressed by EA stressed rats endured into adulthood, a separate cohort of EA rats were exposed to resident-intruder stress as adolescents and then allowed to grow to adulthood, at which time they were tested for defensive burying behavior (PND 70). A subset of these rats was also tested for defensive burying in early adolescence following the resident-intruder stress. As there was no effect of previous exposure to defensive burying on burying duration tested in adulthood, the groups were pooled (Supplementary Figure 1) . Interestingly, the behavior of stressed EA rats tested in adulthood in the defensive burying test resembled that seen in rats that had been stressed as adults (Figure 3c) . Thus, the burying duration of EA stressed rats tested in adulthood was decreased compared with matched controls (po0.05).
To determine whether a non-aggressive social interaction would have similar effects as the resident-intruder stress on subsequent EA behavior, EA rats were introduced into the cage of an age-matched peer instead of an adult resident. This initiated a short period of investigation after which the rats would engage in rough and tumble play. This included chasing, nuzzling of the head and nape, and light pouncing. Dominant roles would reverse rapidly and often during the session such that the 'attacker' became the 'attacked.' These interactions never resulted in either rat adopting the classic defeat posture. In contrast to resident-intruder stress, EA exposure to an age-matched peer did not increase burying duration or decrease latency in the defensive burying test compared with matched controls (Figure 3d ). In addition, of EA rats that were tested as adults (n ¼ 20 control, n ¼ 18 stressed). Data from one control and two stressed rats were not used because they exhibited burying before an obvious shock occurred. (d) Bars indicate the average burying duration (left bar pair) or latency (right bar pair) of EA rats exposed to an age-matched peer (n ¼ 5 control, n ¼ 6 peer exposed). Vertical lines represent standard error of mean (SEM); *po0.05; **po0.01 post hoc Student's t-test. there were no group differences in climbing behavior when peer-exposed EA rats were subjected to swim stress (Table 2) .
Age-Related Behavioral and Endocrine Consequences of Restraint Stress
To determine whether the effects of resident-intruder stress during adolescence generalized to other stressors, the effects of repeated restraint stress on defensive burying behavior were compared across ages. Restraint stress increased plasma corticosterone in all age groups to values that were comparable to, or greater than, levels produced by social stress (Table 3) . However, restraint did not affect defensive burying behavior of any group (Figure 4) 
Age-Related Effects of Resident-Intruder Stress on LC Neuronal Activity
As the LC-norepinephrine system has been implicated in the active coping behaviors that were elevated in EA rats exposed to social stress (ie, defensive burying and climbing), LC neuronal activity was compared in EA, MA, and adult rats exposed to resident-intruder stress and their matched controls (Detke et al, 1995; Bondi et al, 2007; Howard et al, 2008) . Both spontaneous discharge rate and sensory-evoked activity during trials of repeated sciatic nerve stimulation were compared ( Figure 5 ). EA rats exposed to resident-intruder stress had elevated LC spontaneous discharge rates compared to their matched controls and this effect was only apparent in the EA group (Figure 5a ). During the trial of sensory stimulation, LCevoked discharge rate was lower in stressed EA rats compared with matched controls and coupled with a nonsignificant change in tonic discharge rate, this resulted in a decreased signal-to-noise ratio (Figure 5b-d) . Interestingly, when LC activity of EA rats exposed to residentintruder stress was examined in adulthood, the profile was different. There was no change in spontaneous discharge rate, an increase in evoked LC discharge, and an increased signal-to-noise ratio compared with matched controls ( Figure 5 ). This was similar to the effects produced by social stress in adulthood ( Figure 5 ). For adults exposed to resident-intruder stress, evoked activity was increased and the signal-to-noise ratio tended to be greater compared with matched controls, although this did not reach statistical significance (po0.07). Exposure of MA rats to residentintruder stress did not alter any parameter of LC discharge compared with matched controls. Analysis across EA, MA, and adult rats using two-way ANOVA's revealed significant age by stress interactions for spontaneous rate (F (2, 499) ¼ 3.02 po0.05), evoked rate (F (2, 207) ¼ 7.72, po0.001), and signal-to-noise ratio (F (2, 206) ¼ 5.42, po0.01). Figure 6 shows the averaged PSTH generated from all LC neurons of control and stressed rats for EA and adult (Figure 6a3 and b3) were isolated and compared using repeated measure ANOVAs. This analysis showed that the excitatory component of the PSTH was blunted over time in stressed EA rats (time by stress interaction (F (12, 852) ¼ 2.5; po0.01)). Bonferroni pairwise analysis by bin indicated a significant difference between control and stress in the bin corresponding to 520 ms (*po0.05). There was also a faster recovery from post-stimulus inhibition in adolescent animals (Figure 6a 3 ). A two-way repeated measure ANOVA indicated a significant time by stress interaction (F (49, 3479) ¼ 1.56; po0.05). Consistent with the results shown in Figure 5 , analysis of the mean excitatory component of the PSTH in adult animals showed an opposing effect of social stress on LC-evoked discharge in adult compared with EA rats, with stress resulting in an enhanced sensory response (time by stress interaction (F (12, 972) ¼ 4.3; po0.0001)). Bonferroni pairwise analysis by bin also indicated a significant difference between control and stressed rats in the bins corresponding to 520 and 528 ms (*po0.05). Similar effects of social stress on the average PSTH components were noted in EA rats tested as adults (data not shown).
Potential Role of CRF in the Neuronal Changes Produced by EA Exposure to Resident-Intruder Stress
The increase in LC spontaneous activity and decrease in sensory-evoked activity in EA rats exposed to social stress were reminiscent of the effects of CRF or of stressors that release CRF in the LC Foote, 1987, 1988; Valentino and Wehby, 1988) . To determine whether CRF release in the LC is involved in the effects of social stress on neuronal activity, LC firing rate was recorded before and after microinfusion of the CRF antagonist, DPheCRF (12À41) , into the LC of stressed EA rats and controls. DPheCRF 12À41 decreased LC spontaneous discharge rates of EA exposed to social stress but not controls (Figure 7) .
DISCUSSION
This study showed that resident-intruder stress interacts with adolescent development to influence LC neuronal activity and defensive behavioral strategy. The expression of the defeat posture developed through early adolescence to adulthood. Temporally associated with this, the effects of resident-intruder stress on the behavioral response to subsequent stressors shifted from facilitation to inhibition of proactive defense responses. Early adolescence was a developmental window during which resident-intruder stress promoted proactive defensive behaviors. Consistent with this, resident-intruder stress at this age shifted the discharge mode of LC neurons to a state of higher spontaneous activity and lower sensory activation that has been associated with hyperarousal and behavioral flexibility (Aston-Jones and Cohen, 2005) , and this was mediated in part by CRF release. Early adolescent social stress continued to affect behavior and LC activity into adulthood, although the effect was differentially expressed as an inhibition of proactive behavior and a shift toward increased phasic LC activity, identical to the pattern seen in socially stressed adults. Finally, the effects of resident-intruder stress did not generalize to a non-social stressor or a non-threatening social interaction. Taken together, the findings suggest that social stress at different ages has distinct neuronal and behavioral consequences, perhaps by affecting common neural substrates that are at different stages of development.
Relationship to Previous Studies
Aversive social interactions, such as the resident-intruder stress, model a common stressor encountered by adolescent human beings (Bjorkqvist, 2001; Huhman, 2006) . Although there are many reports on the consequences of residentintruder stress in adult rats, studies using adolescent animals are relatively rare. The few studies that have been carried out showed that adolescent rats exposed to residentintruder stress exhibit inhibited social interactions when tested as adults (Vidal et al, 2007; Watt et al, 2009 ). This study significantly expands on previous work by systematically analyzing the behavioral and neuronal effects of agonistic social stress from the pubertal transition to early adulthood in rats.
One methodological consideration relates to the condition of isolation housing during the course of the stressor. This was necessary because group housing attenuates the impact of resident-intruder stress (Ruis et al, 1999; Nakayasu and Ishii, 2008) . In addition, group-housed experimental rats have different cage mates, unique social interactions, and are likely to be in different hierarchal positions in their home cages, making it difficult to standardize conditions between subjects. Although social isolation can be a stressor, particularly in EA rats (Weiss et al, 2004; Leussis and Andersen, 2008) , it is unlikely to have contributed to the effects seen in this study for several reasons. The matched controls that served as comparisons to stressed rats were also singly housed. Housing conditions were comparable for the resident-intruder stress, the Figure 6 Age-dependent effects of social stress on sensory-evoked locus coeruleus (LC) discharge as compared using an averaged peri-stimulus time histograms (PSTH). (a1) and (b1) represent the entire average PSTH of all cells from early-adolescent (EA) and adult rats, respectively. Bars indicate average spikes per 8 ms bin for control (black) or stress (gray) rats. In (a2-b2) and (a3-b3), the components of the PSTH are broken down and compared between experimental groups. (a2-b2) Average evoked phase (from 520 to 624 ms) plus several bins on either side for reference. (a3-b3) Average post-stimulus inhibitory phase (from 656 to 1048 ms) plus several bins for reference. *po0.05 Bonferroni post hoc stress vs control. restraint stress, and the exposure to peer experiments, yet the behavioral effects were only observed in the residentintruder stress group. Most importantly, social isolation of EA and adult rats has effects on defensive burying that are opposite to those produced by the resident-intruder stress in this study (Arakawa, 2007a, b) . Thus, isolation housing of EA rats inhibited defensive burying and isolation housing of adults increased defensive burying, and that these reported effects of isolation housing are opposite to those produced by the resident-intruder stress in this study support the interpretation that exposure to the resident-intruder stress was the primary determinant of subsequent behavior.
Development of the Defeat Posture
The adoption of the defeat posture in response to agonistic social stress developed through the progression of adolescence to become prominent in adulthood. The gradual increase in the percentage of EA animals expressing defeat behavior as the week progressed could indicate the development of circuits underlying the defeat posture from PND 28-35 or that the rats were learning to assume the posture with repeated exposures. As the incidence of MA rats expressing the defeat posture was intermediate between EA and adult rats and the percentage of MA rats exhibiting defeat did not change systematically as the week progressed, it is more likely that the gradual increase in EA rats assuming the defeat posture from the first to the last day of stress represents developmental as opposed to learned changes. In addition, in adults, expression of the defeat posture decreases with repeated exposure to the residentintruder stress as indicated by the decreased percentage of adults rats assuming the defeat posture (this study) and the longer onset to express the posture (Wood et al, 2010) . These findings suggest that the increased incidence of EA rats to defeat with repeated exposures represents a developmental change rather than learning. Notably, the average number of daily attacks did not change across the course of the week for any age, indicating that shifts in defeat behavior are not owing to changes in resident aggression.
In this study, every attempt was made to select resident rats that would reliably attack the adolescent intruders as well as adults. However, it is possible that differences in the nature of the interaction between the resident rats and adolescent compared with adult intruders contributed to the age-related differences in social behavior. To verify that the social encounter was stressful to EA rats, plasma corticosterone levels in response to the encounter were quantified. Although the corticosterone response of the EA rats habituated to a degree, the overall corticosterone levels remained elevated for this group throughout the week. It is also worth noting that, in the long term, stressed EA rats had a similar behavioral and electrophysiological profile to stressed adult rats, further indicating that the early adolescent resident-intruder stress had a behavioral and physiological impact.
Developmentally Distinct Consequences of Social Stress
This study is the first to analyze the effects of adolescent exposure to resident-intruder stress on defensive burying and responses to swim stress. Although these tests are often used in animal models of affective disorders, in this study the manipulations were employed to examine behavioral responses used to master environmental challenges or 'coping strategies' (Koolhaas et al, 1999) . Coping strategies are categorized as being proactive or reactive. In rats proactive coping is characterized by aggression, defensive burying, and active escape, whereas reactive coping is characterized by conservation of energy, withdrawal, and immobility (Koolhaas et al, 1999) . As coping strategies in human beings have been linked to disease vulnerability, the question of how stress during development may influence these strategies has clinical relevance (Rohde et al, 1990; Ravindran et al, 1995; Bardwell et al, 2001; Mao et al, 2003; Matheson and Anisman, 2003) .
A significant behavioral finding of this study was that EA resident-intruder stress increased proactive responding in both the defensive burying and swim test. This effect did not generalize to restraint stress. The finding that substituting the larger, aggressive resident rat with an EA peer did not reproduce the effect of resident-intruder stress suggests that this is specific to agonistic social interactions. Facilitation of the proactive response of burying may be Figure 7 Representative rate meter records from a single locus coeruleus (LC) neuron in (a) a control and (b) a stressed early-adolescent (EA) rat before and after DPheCRF 12À41 (10 ng/30 nl) microinfusion into the LC (indicated by bar above the trace). The mean discharge rates for 7 cells in each group before (Pre) and after (Post) DPheCRF 12À41 administration are indicated in the upper right corner of the graphs. The corticotropin-releasing factor (CRF) antagonist decreased LC spontaneous discharge rates of stressed but not control rats, po0.001 Student's paired t-test.
considered to be a positive adaptation because it decreases plasma corticosterone (Korte et al, 1992; De Boer and Koolhaas, 2003) . On the other hand, propensity to bury correlates with social aggression (Koolhaas et al, 1999) . Thus, these rodent findings are relevant to studies showing that social stress in human adolescents increases the risk for hyperactivity, conduct disorder, and violence (Pelcovitz et al, 1994; Kaplan et al, 1998; Duke et al, 2010) .
In contrast to early adolescence, resident-intruder stress occurring in adulthood decreased defensive burying, suggesting that agonistic social stress in adulthood inhibits proactive strategies. That this effect was not reproduced by restraint indicates that it is selective to social stress. The findings are consistent with studies showing that group housing adult male rats, which involves the establishment of social hierarchies, decreases defensive burying compared with isolation housing (Arakawa, 2007a, b) . The interpretation of those findings was that social stress decreased proactive defensive behaviors and increased reactive behaviors. The current results would agree with this interpretation. Interestingly, MA appeared to be a time of transition both in the development of the defeat posture and in the effect of social stress on defensive behaviors in response to other challenges.
Early adolescent exposure to resident-intruder stress had enduring behavioral effects in adulthood. However, its consequences were expressed differently in adulthood, in the form of decreased burying. Notably, this was similar to the consequences of resident-intruder exposure in adulthood. The results suggest that social stress occurring at different ages converges on certain common neural substrates that regulate defensive behavior. As these substrates are at different stages of development in early adolescence compared with adulthood responses to subsequent challenges may be differentially expressed.
Social Stress and LC Activity
The LC housed norepinephrine system is a potential substrate for the effects of social stress reported here because it is activated by stressors and has been implicated in both defensive burying behavior and climbing behavior. For example, defensive burying is associated with increased plasma and brain norepinephrine levels (Korte et al, 1992; Bondi et al, 2007) . Increases in forebrain norepinephrine facilitate defensive burying, whereas noradrenergic receptor antagonists and selective LC lesion inhibit it (Bondi et al, 2007; Howard et al, 2008) . Similarly, climbing in response to swim stress is enhanced by agents that increase extracellular levels of norepinephrine (Detke et al, 1995) . Norepinephrine projections arising from the LC form a vast network that innervates the entire neuroaxis (Swanson, 1976; Swanson and Hartman, 1976) . Through this broad projection system, different patterns of LC discharge activity modulate states of arousal, attention, and cognitive flexibility (Berridge and Waterhouse, 2003; Aston-Jones and Cohen, 2005; Bouret and Sara, 2005) . Acute stressors, or exposure of LC neurons to CRF, shift the mode of discharge from a phasic state to a state of higher spontaneous activity that is associated with increased arousal, blunted responses to discrete sensory stimuli, and behavioral flexibility Foote, 1987, 1988; Valentino and Wehby, 1988; Aston-Jones and Cohen, 2005) . Consistent with this, in this present study, social stress in EA rats shifted the mode of LC discharge toward a state of higher spontaneous activity in which phasic responses to discrete sensory stimuli were diminished compared with controls. The ability of the CRF antagonist to selectively inhibit LC neurons of stressed EA rats and decrease discharge rates to the level of controls suggests that this shift was mediated in part by tonic CRF release within the LC. Given that CRF elicits burying behavior that requires the LC-norepinephrine system, CRF antagonists attenuate defensive burying, and that CRF microinfusion into the LC increases active responses to swim stress, tonic CRF release in the LC could account for the promotion of these proactive behaviors seen in EA rats exposed to social stress (Butler et al, 1990; Korte et al, 1994; Howard et al, 2008) . As CRF antagonists attenuate defensive burying behavior in unstressed subjects, they cannot be used as tools to directly test the link between increased CRF in the LC and increased burying behavior in EA rats exposed to social stress. Future studies directed at identifying and manipulating sources of CRF that are involved in this response may be required to directly test this hypothesis. Nonetheless, these findings, taken with literature suggesting that burying is an end point of CRF activation of the LC, make a compelling argument that one mechanism by which EA social stress increases proactive behaviors is via CRF activation of LC neurons.
Similar to the effects of adult social stress on behavior, the consequences of adult social stress on LC activity contrasted with those produced in early adolescence. The finding that LC spontaneous activity was not altered in adults exposed to social stress is consistent with other studies in adult rats with a history of shock or swim stress (Curtis et al, 1995 (Curtis et al, , 1999 . In addition, there is no evidence for tonic CRF release in the LC in adult animals regardless of stress history as CRF antagonists locally injected into the LC are without effect (Curtis et al, 1994 (Curtis et al, , 1995 Pavcovich and Valentino, 1997) . It is possible that CRF afferents to the LC become more highly regulated with age so that previous stress is less likely to cause a long-term perturbation from baseline. This form of adaptation could also account for the lack of change in LC spontaneous discharge in EA stress rats when examined during adulthood. Interestingly, social stress is somewhat unique in increasing LC sensory-evoked responses in adulthood. Neither previous exposure to shock or swim stress affected LC sensory-evoked discharge, although this was reportedly enhanced by chronic cold stress (Curtis et al, 1995 (Curtis et al, , 1999 Mana and Grace, 1997) . Given the role of excitatory amino-acid afferents in LC sensory-evoked responses, enhancement of glutamatergic transmission in the LC could account for this effect of social stress in adulthood (Ennis et al, 1992) .
The MA stage of development was unique in that social stress at this time had no effect on either the behaviors examined or on LC neuronal activity. This may represent a transition stage that may even be resilient to stressors. Relevant to this, resident-intruder stress altered adult monoamine levels in a region-specific manner when it occurred in early adolescence, but not in middle or late adolescence (Vidal et al, 2007; Watt et al, 2009) . It is possible that monoamine systems are buffered during middle and late adolescence.
Early Adolescent Social Stress and Mental Health
A critical question raised by these data is why different coping strategies should be favored depending on when in development resident-intruder stress occurs. We speculate that by favoring proactive strategies early in life, agonistic social stress prepares the individual for a future in which it plays a major role or may occur frequently. On the other hand, when it occurs in an adult with no previous history of social stress or if the social stress does not continue past the early adolescent stage, inhibition of proactive defenses may be a strategy that incurs less risk. These rodent studies may translate to human behavior in that adolescent social stress is reported to increase the risk for externalizing disorders (eg, conduct disorder, aggression) in adolescence while simultaneously increasing the risk for depression in adulthood (Dodge et al, 1990; Pine et al, 2002) . Thus, early social stress may be a common root cause of certain adolescent and adult behavioral disorders that have different symptomatology. The data presented here implicate the brain norepinephrine system as one potential system that social stress interacts with to contribute to these disorders.
